Alaee, R.; Albooyeh, M.; Yazdi, M.; Komjani, N.; Simovski, C.; Lederer, F.; Rockstuhl, C. We explore the optical properties of a meta-atom made of plasmonic nanopatches that possess an increasing degree of complexity. We show that if two nanopatches are strongly coupled and have a different geometrical footprint, the meta-atom exhibits a resonant magnetoelectric response, in addition to the anticipated resonant electric and magnetic response. Thus, it behaves similarly as the so-called omega particle, but with the unique advantage that frequency and strength of this magnetoelectric resonance can be independently tuned and modified with respect to the corresponding values of the electric resonance. This allows a metasurface of such meta-atoms to possess widely controlled reflection and transmission coefficients, e.g., the regimes of strongly asymmetric reflectance and perfect absorption become possible. Alternatively, an individual meta-atom of such kind can act as a directive nanoantenna with zero backscattered fields (Huygens' scatterer).
I. INTRODUCTION
Planar metamaterials, called herein metasurfaces, promise to control the propagation of light just as their bulk counterparts [1, 2] . However, metasurfaces benefit from the additional advantage of being less lossy. With the ability to realize metasurfaces by using modern fabrication technologies, it is by no surprise that they draw the attention of the research community [3] [4] [5] [6] [7] [8] [9] . This holds especially for metasurfaces designed to operate at visible frequencies where many promising applications are in reach [10] [11] [12] [13] . However, especially if it concerns the optical domain, it is of utmost importance that the geometry of the unit cells from which the metasurfaces are composed of, i.e., the meta-atoms, are as simple as possible to adhere to the requirements of practical fabrication technologies. This, naturally, led to the tendency to make the meta-atoms from rather simple elements such as patches, disks, strips, spheres, cylinders, and rings [14] [15] [16] [17] [18] [19] [20] [21] . A meta-atom can be formed by such a simple single element: then metasurfaces consisting of such meta-atoms possess electric resonances only. A meta-atom consisting of a pair of such moieties possesses also a resonant magnetic response [21] [22] [23] [24] [25] [26] . For example, it has been shown that a metasurface of nanopatches has an electric resonance [27, 28] while two coupled nanopatches have both electric and magnetic resonances [21, [23] [24] [25] [26] . It is easy to appreciate that a metasurface possessing either an electric or a magnetic response provides less control on optical responses [29] when compared with a metasurface possessing simultaneously both electric and magnetic responses (Huygens' metasurface) [30] [31] [32] .
An even higher control of the optical response is possible while exploiting the magnetoelectric bianisotropy effect.
Bianisotropy is related to an electric/magnetic response to a magnetic/electric excitation [33] [34] [35] [36] . This effect inherently causes an asymmetry in the metasurface response if illuminated from different directions. Depending on the specific kind of bianisotropy, the asymmetry may occur in reflection, transmission, or in both [34, 37] . There are many applications associated with this basic effect. For example, it is possible to polarize incident waves [38, 39] or to make a sheet transparent from one direction while being fully opaque from the other [40] . Indeed, when higher order multipole moments are absent in the response of the meta-atoms, bianisotropy provides the most comprehensive control of the reflection and transmission spectra [33] .
However, the question always arises on how the actual meta-atom has to look to provide such bianisotropic response. Solutions suggested thus far usually rely on involved geometries which are challenging to fabricate at optical frequencies [33, 37, 39] . Moreover, in most cases only a single resonant mode is exploited. This mode may possess an electric, magnetic, and magnetoelectric contribution, but they all naturally share the same resonance frequencies. This significantly limits the degree of freedom in the design while a more independent control is highly desirable. Only with that, the magnitude of the different contributions could be suitably adjusted for specific applications.
To solve this problem we demonstrate here a viable route to achieve the desired bianisotropic response with a metaatom that is easy to fabricate. Most importantly, for the metaatom we discuss, the frequency of magnetoelectric resonance is independent to the electric one, which allows the observation of intriguing effects.
The paper is divided into two parts. First, we theoretically discuss the optical properties of a meta-atom made from nanopatches. We consider these properties with increasing geometrical complexity and demonstrate how to unlock specific optical responses. The eventual meta-atom consists of two closely spaced metallic nanopatches with a different 1098-0121/2015/91(11)/115119 (8) 115119-1 ©2015 American Physical Society geometrical footprint that provides the desired bianisotropic response. The optical response of the isolated meta-atom is discussed but also the reflection and transmission from a metasurface thereof. Second, different applications are studied. They are explored on phenomenological grounds where the necessary optical properties are outlined concerning the magnetoelectric response to achieve a specific effect. Then, using full wave simulations, it is demonstrated that these effects can indeed be observed with the meta-atom under consideration.
II. OPTICAL RESPONSE OF A DENSE RESONANT ARRAY AT NORMAL INCIDENCE
The purpose of this section is to provide a concise overview on how the optical response of a metasurface made from periodically arranged meta-atoms is calculated [33, 37, 41, 42] . The meta-atom will be described with a bianisotropic polarizability tensor.
Let us first consider a metasurface consisting of an optically dense planar array (square two-dimensional grid) of optically small resonant particles embedded in a uniform host medium. We assume air throughout the work as the host medium but any other dielectric environment can easily be considered. Moreover, we assume that the array is uniaxial in its plane, i.e., the optical response will be preserved if we modify the polarization of the incident field around the line normal to the plane. The array is placed in the xy plane and the period a is sufficiently small [41] compared to the incident wavelength λ in the host medium. Without loss of generality, we assume that the metasurface is illuminated by an x-polarized monochromatic plane wave at normal incidence. Thus, its electric field can be written as E i (r,t) = e x E i x exp (jωt) exp (∓jk z z). Here e x is the unit vector in the x direction, k z is the propagation constant along the z axis, ω is the angular frequency, and E i x is the electric field amplitude in the x direction. The field can propagate in a forward (−) or backward (+) direction depending on the chosen sign.
In our contribution we only consider electric and magnetic dipole moments of meta-atoms, neglecting quadrupoles and higher-order moments [43] [44] [45] [46] [47] . That is, we are interested in the case when both electric and magnetic moments are induced by local electric and magnetic fields. Therefore, the relations between induced electric dipole moment vector p = (p x ,p y ,p z ), magnetic dipole moment vector m = (m x ,m y ,m z ), and the incident field We are only interested in the reciprocal omega ( ) type bianisotropy such that other bianisotropy types, i.e., chiral, Tellegen, and "moving" are absent [33] . Omega-type bianisotropy refers to the case whenᾱ em = −(ᾱ me ) T [33] . For an x-polarized illumination such omega particles preserve the polarization and no cross-polarized dipole moments are induced [33] , i.e., p y = p z = 0 and m x = m z = 0. This can be easily assured by choosing a proper arrangement of the meta-atoms in the array with respect to the incidence polarization. Consequently, scalar moments p x and m y and scalar polarizabilities α 
where η is the characteristic impedance in the host medium. With these assumptions and using Eqs. (2) and (3), the reflection and transmission coefficients for an omega-type bianisotropic uniaxial array read as [43, 45] and the method explained in Refs. [45, 50, 51] . The approach to retrieve all polarizability components is briefly outlined in the following. First, we illuminate the meta-atom with a plane wave (
from two opposite directions (±). Then, the electric and magnetic dipolar moments for these two scenarios (p ± x , m ± y ) are calculated. This is done by projecting the scattered electromagnetic fields from each configuration to the field of an electric and magnetic dipole that is situated in the central coordinate [43, 45, 52] . Finally, all polarizability components 115119-2 can be expressed as [51] 
Thereafter, calculating the interaction constants β ee and β mm from Ref. [41] and using Eqs. (4) one may finally find the reflection and transmission coefficients. Notice, the last expressions in Eqs. (4) are important since they allow us to discuss the scattering properties of a general omega-type bianisotropic array using the properties of its individual constituents and the interaction between them. In the following we discuss the achievable optical response of a metasurface made of meta-atoms with increasing complexity.
III. OPTICAL PROPERTIES OF META-ATOMS

A. Single nanopatches
We start with the simplest design that has been previously widely studied [27] . That is a gold nanopatch as shown in Fig. 1(a) . This gold nanopatch sustains an electric resonance in response to an incident electromagnetic field whenever a localized surface plasmon polariton is excited [ Fig. 1(g) ]. As a result, a metasurface composed of nanopatches will provide an electric resonance behavior in response to a plane wave illumination. That is, except for the electric polarizability α ee xx , all other polarizability components in (4) are zero. Therefore, this electric resonance is the only mechanism which can be used to control the optical response of the metasurface. The array response can be controlled [ Fig. 1(d) ] by changing the distance between the particles, i.e., interaction constants β ee and the patch dimensions, i.e., resonance frequency of the 
B. Identical coupled nanopatches
It is evident from (4) that an additional magnetic response permits more control on the reflection and transmission. This is feasible in a next step by adding an identical, closely spaced nanopatch on top of the first one [ Fig. 1(b) ]. As shown in Fig. 1(h) , in addition to the previous electric resonance, a new magnetic one is now supported by the coupled nanopatch. This occurs due to the hybridization of the modes, sustained by the individual nanopatches, to form an antisymmetric (bonding, low energy) and a symmetric (antibonding, high energy) mode. The antisymmetric mode [current distribution is shown in Fig. 1(e) ] evokes the magnetic response. This can be recognized from the particle polarizabilities shown in Fig. 1(h) . However, bianisotropy remains absent in such coupling scheme. Therefore, α em xy and α me yx are still zero in (4) . Similar structures like the present one, such as nanodisks, are widely used in the literature as one of the simplest building blocks in periodic arrays to obtain a magnetic response [16, 24, 25] . In dipole approximation, both strength and frequency of the magnetic resonance can be tuned by varying the distance between both nanopatches. However, the magnetic resonance is always spectrally separated from the electric one. Therefore, although the magnitude of the achievable electric polarization at the magnetic resonance is comparable to the magnetic polarization, it is not possible to balance the scattering contribution from the different dipole polarizabilities. Moreover, according to (4) there is still no control of the directional scattering response, i.e., the array behaves identically for forward and backward illumination directions.
C. Nonidentical coupled nanopatches
To obtain even better control on the specific optical spectra as well as to achieve a directional dependent response, the symmetry of the structure has to be broken. With that, a notable bianisotropic effect is in reach, i.e., a dispersion in α em xy and α me yx .
Having nonzero values for these coefficients renders the optical coefficients r and t [Eqs. (4) ] to be functions of four complex polarizability components instead of only two as previously considered. This naturally increases the degrees of freedom. Moreover, it is clear from Eqs. (4) that due to the different signs of α em xy and α me yx a different optical response is obtained while illuminating the samples from different directions. An important design criterion will be that the coefficients α em xy and α me yx should exhibit a comparable strength as the electric and magnetic polarizabilities at the same frequencies rather than being only nonzero.
To achieve such a notable bianisotropy, point of departure is the same double nanopatch topology as before but now with different lateral dimensions of the nanopatches [ Fig. 1(c) ]. In passing, we note that this response is different from the magnetoelectric response created by a wire omega particle [53] . Therefore, the resonance frequencies for the dispersion in all polarizabilities, i.e., the electric, magnetic, and magnetoelectric mode, are identical since they are linked to the same mode sustained by the particle [53] . In contrast, the magnetic and the magnetoelectric resonance frequencies are identical here but the electric resonance is different. However, since the magnetic and electric dipole moments which are created by the electric and magnetic fields in the plane of the array, respectively, are perpendicular to each other, the presented double patch scheme can be generally considered as an -type particle as well [33] .
It is clear from Fig. 1(f) that the current distribution of this structure shown at the low frequency resonance produces a magnetic response, comparable to the situation of identical nanopatches [ Fig. 1(e) ]. However, for nonidentical nanopatches the circulating currents are no longer symmetric with respect to the geometrical origin of these two nanopatches. This results in a magnetoelectric/electromagnetic response. As can be expected from Eqs. (4), the reciprocity evoked asymmetry α The ratio of W 1 /W 2 is chosen to be 0.4 and the absolute size of W 2 is kept fix at 250 nm. We see a dramatically different response if the array is illuminated from different directions. In the forward direction (b) the reflection is nearly constant in the entire spectrum. In the backward direction (c) a pronounced resonance occurs with a well developed dip. By changing the ratio of W 1 /W 2 the resonance frequency changes but the optical response is robust. This can be seen in the plot of the reflection at the resonance wavelength as function of this ratio (blue curves in both figures). The period of the array is fixed to be a = 275 nm. 
It is important to state that the analytical model presented here proves to be a very reliable tool to correctly explain the array behavior. Notice that the gray shadows in Figs. 1(j)-1(l) represent spectral domains where contributions of higher order modes are no longer negligible. Consequently, the analytical model is less predictive there. However, the model presented here is fully sufficient to explain the reflection and transmission coefficients at the desired frequency band qualitatively, but full wave simulations are necessary to quantitatively predict the optical response from the array.
To perceive applications that exploit the suggested metaatoms, one may modify the lateral dimension of the upper nanopatch to vary strength and resonance frequency of the magnetoelectric response. With that, we may achieve interesting applications such as perfect absorption in an array [18, [54] [55] [56] [57] or a directive nanoantenna with zero backscattering [58] [59] [60] . They are demonstrated in the succeeding section.
IV. APPLICATIONS A. Perfect absorber
We first present an interesting example for an application where light is nearly totally absorbed in a metasurface with a subwavelength thickness (≈λ/10) at a specific resonance band. The proposed metasurface is not anymore a total reflector from the other direction far from the resonance band because it consists of an array of isolated particles rather than, as usually considered, of an array of particles on top of a metallic film. In general, complete light absorption can be achieved by suppressing transmission and reflection (i.e., R = 0 and T = 0) from one direction only. According to Eqs. (4), conditions for total absorption in terms of individual polarizability components for backward illumination can be expressed as (6) and (7) at resonance as a function of W 1 /W 2 for backward illumination. It shows that the nearly total absorption regime can be achieved when both conditions are satisfied and this is indicated by the red shaded areas in Figs. 3(a) and 3(b) . Figure 3(c) shows a parametric study of the maximum absorbed power (that is maximum at resonance frequency) for different ratios of
with illumination from the backward direction. Note that the maximum absorption for a varying ratio of
takes place at different wavelengths (λ max ). The wavelength dependent response for the situation where the maximum share of light is absorbed is also illustrated in Fig. 3(c) . The nearly total absorption occurs for a ratio of It is evident from Fig. 3(c) that for an array with identical particles (W 1 = W 2 ) it is impossible to approach the perfect absorption regime. In this case the absorption is less than 50%. This is obvious, since there is only insufficient control of frequency and strength of the magnetic resonance in order to balance it with the electric resonance though both the electric and magnetic resonances are available in the grid.
Notice that for the illumination in the forward direction the absorption is very low and the array is nearly reflective at resonance [ Fig. 2(b) ]. It is also very interesting to mention that the presence of both magnetic and magnetoelectric couplings is essential to achieve the perfect absorption regime although (6) and (7) at resonance frequency as a function of W 1 /W 2 for a backward illumination. The red sections represent spectral domains where nearly total absorption can be achieved. (c) Full-wave simulations and analytical predictions for the absorption spectra (black lines) when backward illumination is applied to the array. We see that we have nearly perfect absorption at resonance. The period of the array is fixed to a = 275 nm. their resonance strengths are 3-4 times smaller than the electric one at the desired wavelength.
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It is worthwhile to mention that for an array made from wire omega particles the perfect absorption regime is unattainable since approaching the balance condition as detailed in [37] is practically impossible. In the present design, when moving from Fig. 3(c) ]. This controllability makes our design an excellent candidate for frequency selective thin plasmonic nanosensors.
B. Directive nanoantenna with zero backscattering
In general, to have a nanoantenna with directive pattern, a balanced contribution of both electric and magnetic polarizabilities is sufficient; known as the first Kerker condition [59] . This condition can be achieved for meta-atoms without bianisotropy. However, having a meta-atom with a bianisotropic response adds at least two degrees of freedom. The first degree of freedom provides the ability to design an antenna which possesses different far field patterns when illuminated from opposite (forward and backward) directions. This means that one can design an antenna which shows a directive pattern for one direction but a nondirective pattern for the opposite direction [Figs. 4(e) and 4(f)]. The second relates to the fact that for some meta-atoms it is not possible to achieve the balance condition between the electric and magnetic polarizabilities. Therefore, breaking the symmetries of the meta-atoms will introduce an additional bianisotropy which might be a proper solution to easily satisfy the first Kerker condition. In the following we present these issues.
A bianisotropic antenna with zero backscattered field, possessing a directive pattern in the forward direction, for the backward illumination direction can be achieved if the backward radar scattering cross-section [58, [61] [62] [63] 
amounts to zero. Where E sca and E inc are the scattered and incident fields, respectively. Notice the forward radar scattering cross section reads as Figure 4 shows the scattered field for three different meta-atoms: a single nanopatch, two identical and nonidentical coupled nanopatches. It is obvious from Figs. 4(a) and 4(b) that the backscattered fields are canceled for two nonidentical coupled nanopatches at the design frequency (314 THz) while there is no cancellation for a single nanopatch as well as two identical coupled nanopatches. This cancellation is obviously a consequence of destructive interference between the electric and magnetic dipole moments [59, 61, [64] [65] [66] [67] . It is important to mention that for the identical coupled nanopatches in the limit of dipole approximation [68] (small dielectric spacer, i.e., g < 10 nm) a zero backscattering regime is not achievable due to the fact that the electric and magnetic dipole moments cannot be in balance [Figs. 4(a) and 4(d) ]. However, with the help of an additional electric quadrupole moment (larger dielectric spacer, e.g., g = 50 nm), it might be possible to realize a directive antenna with zero backscattering for the identical coupled nanopatches (not shown for brevity). Notice that the directive pattern occurs due to the coherent interference of the electric and magnetic dipoles as well as electric quadrupole [69] .
Normalized polar field patterns at resonance are also plotted in Figs. 4(c)-4(f) to illustrate zero backscattering as well as the directivity of corresponding antennas. Notice that for the backscattering cancellation of fields both the strength and resonance frequency of the magnetoelectric coupling have to be tuned. The proposed design is a promising nominee for directive plasmonic antennas coupled to quantum emitters [70] .
C. Conclusions
A simple design for a plasmonic metasurface formed by stacked nanopatches has been discussed. The fundamental feature of the proposed metasurface is its tunable bianisotropic response. It provides a handle on the electric, magnetic, and magnetoelectric responses. The magnetoelectric response corresponds to that of a planar array of omega particles (whose realization from a piece of wire has been known for the microwave range). The technical solution mimicking the omega particle by a pair of separated elements allows the so-called electromagnetic balance, i.e., the equivalence of the electric and magnetic polarizations of the metasurface. At visible frequencies, this balance has been earlier achieved only for nonbianisotropic metasurfaces (between the electric and magnetic Mie resonances of silicon spheres or spheroids). In the present case the amplitudes of three collective polarizabilities-electric, magnetic, and electromagneticcan be engineered with the same strength. The presence of the bianisotropic response allows the asymmetry of reflectance for the illumination of the metasurface from opposite directions. A very strong asymmetry of reflection as well as nearly perfect absorption for the suggested effective omega metasurface have been shown. Moreover, a single element of this metasurface can operate as a very directive nanoantenna with zero backscattered fields (Huygens' scatterer).
The presence of easily controllable bianisotropy at optical frequencies can be useful for many applications: polarizers and polarization transformers, frequency selective absorbers, reflect arrays, transmit arrays based on so-called Huygens' surfaces, etc. The proposed solution can inspire researchers to design other meta-atoms possessing different types of bianisotropy.
